Block Copolymer Films with Free Interfaces: Ordering by Nano-Patterned Substrates 
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We study block copolymers (BCP) on patterned substrates, where the top polymer film surface 
is not constrained but is free and can adapt its shape self-consistently. In particular, we investigate 
the combined effect of the free interface undulations with the wetting of the BCP film as induced 
by nano-patterned substrates. In wetting conditions and for a finite volume of BCP material, we 
find equilibrium droplets composed of coexisting perpendicular and parallel lamellar domains. The 
self-assembly of BCP on topographic patterned substrates was also investigated and it was found 
that the free interface induces mixed morphologies of parallel and perpendicular domains coupled 
with a non-flat free interface. Our study has some interesting consequences for experimental setups 
of graphoepitaxy and nanoimprint lithography. 



Thin films of block copolymer (BCP) have attracted 
abiding interest over the years due to their numerous in- 
dustrial applications, such as templates and scaffolds for 
the fabrication of nanostructured materials vifhere many 
of the essential attributes of photolithography including 
pattern perfection, registration, and arbitrarily shaped 
geometries can be reproduced on the nano scale. As such, 
it has been considered as a legitimate next-generation mi- 
croelectronics lithography technique for insertion at the 
sub-22 nm technology nodes [l|, 0] ■ 

When thin films of BCP are produced, they self- 
assemble into ordered nanostructures with a character- 
istic length scale in the 10-100 nm range. Such self- 
assembled structures mainly depend on chain architec- 
ture, film thickness and surface interactions. In many 
theoretical studies the BCP films are taken to be 

bound between two flat solid surfaces, and the film struc- 
ture is influenced by surface interactions and the con- 
strained film thickness. However, in experiments @^ 
the BCP film is spin casted from solution, and after sol- 
vent evaporation, the film is bound only by the bottom 
substrate while the top is a free interface with air (va- 
por). Because the film can locally adjust its height, new 
phases, which cannot be found when the film is confined 
between two planar surfaces, can emerge. For example, 
terrace formation has been found in lamellar Q or cylin- 
drical BCP thin films HQ. 

In recent experiments [ol-flij employing chemically and 
topographically patterned surfaces with preferential lo- 
cal wetting properties toward one of the two polymer 
blocks resulted in unique organization of BCP thin films, 
as inspired by the demands of the microelectronic indus- 
try. In order to have an easily implemented and low cost 
technique, the typical length scale of the patterns has 
to be much larger than the BCP natural periodicity, /q. 
However, such a sparse arrangement of stripes results in 
additional complications as the free interface starts to 
undulate and may even change the film morphology in 



ways that are only poorly understood at present. 



The aim of this Letter is to study the complex and 
interesting interplay between the BCP/air free inter- 
face and nano-patterned substrates. More specifically, 
we address theoretically this coupling effect on the self- 
assembly of BCP films using self-consistent field theory 
(SCFT), and find a strong correlation between the or- 
dering induced by the substrate and the interface pro- 
file. Depending on the patterned substrate, we find an 
undulating free interface or droplet formation, even in 
complete wetting conditions. 



In most calculations [3|-|5| the interface is modeled by a 
fixed boundary condition. In these cases, such an adjust- 
ment of the thickness of the BCP layer with respect to the 
BCP ordering cannot take place, resulting in a very dif- 
ferent ordering. To circumvent this difficulty, we model 
the BCP film using SCFT adapted for the free interface 
case The system is composed of polymer chains 

and a bad solvent (air) inside a fixed volume V. The aver- 
age BCP volume fraction is $p = ^a + ^b where and 
are the average volume fractions of the two blocks. 
In order to model a strong phase separation between the 
polymer and its vapor (air), we add 2nd and 3rd virial 
terms to the system free energy: — i?;0p(r) -I- ^w(j)p{r), 
where 4'p{r) is the local volume fraction of the poly- 
mer. For V > (bad solvent), the system will undergo 
demixing and a 3rd virial term with w > is needed 
as a stabilizing term. The two coexisting phases are a 
polymer-rich phase with $p w v/w and a vapor-rich 
phase, $p ^1. In all calculations hereafter, we choose 
V = 2.6 and w = 1.8. The resulting two-dimensional free 
energy is then: 
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<)A(r) + 0i3(r))= 



-b j dx [AuA(^A(a;, 0) + AuB0B(a;, 0)] (1) 

The Flory-Huggins parameter Xah represents the inter- 
action between the A and B blocks, Wj(r), j — A, B, are 
the two auxihary fields coupled with (r) , and Qc is the 
single-chain partition function in the presence of the w- 
fields. The two surface parameters are Au^ = ua — us 
and AuB ~ ub — us-, where ua-, ub and us represent 
the short-range interaction of the substrate with the A 
block, the B block and vapor, respectively. All lengths 
are expressed in terms of 6, the Kuhn length, fcs is the 
Boltzmann constant, and T is the temperature. For sim- 
plicity, each of the BCP chains consists of = Na + 
monomers and is symmetric with Na = Nb- 

Using the saddle-point approximation, we obtain a 
set of self-consistent equations that are solved numeri- 
cally. As is known from previous works [2l| - [23j . sym- 
metric BCP in the bulk have a transition between a 
disordered phase above the Order-Disorder temperature 
(ODT), Nxc — 10.5, and a lamellar phase of natural pe- 
riodicity /q, below the ODT. The numerical procedure, 
i.e. starting with an initial profile and iterating until 
convergence, allows us to determine sclf-consistently the 
morphological changes inside the BCP film as well as the 
structure of the non-flat BCP/air interface. Note that 
due to the existence of many metastable states, the con- 
verged state may strongly depend on the initial condi- 
tions. 

We first present some results on the adsorption of BCP 
films on chemically patterned substrates in complete wet- 
ting conditions. The BCP film is spread on top of a 
planar solid substrate modeled as a series of chemical 
stripes of width Is and inter-stripe separation In. All the 
stripes have a constant preference for the A block, e.g., 
AuA = 0.6, Amb = 0.4, while the inter-stripe regions 
are taken to be neutral, e.g., Aua = Aub = 0.4. It can 
easily be seen that this corresponds to complete wetting 
conditions for both blocks as seen in Fig. [IJb) . The figure 
shows that for our chosen system parameters, the BCP 
films completely wets the substrate in the case when the 
film thickness is commensurate with the natural period 
of the BCP, /q. 

For the case of a single stripe in the center of a large 
substrate, although we are in wetting conditions, a BCP 
droplet can be obtained (Fig. [T^). We choose an amount 
of BCP such that its homogeneous spreading over the 
entire substrate is equal to a non-integer number of par- 
allel lamellae, /iq = 0.6/o- Starting from a localized 
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FIG. 1. (color online). Contour plots of (j>A in the lamel- 
lar BCP phase with A'^Xab = 26 in contact with a chemi- 
cally patterned surface. For the middle surface stripe (black) 
/S.UA = 0.6, Ait_B = 0.4, while for the rest of the substrate 
(white) AtiA = Am_b = 0.4. The size of the calculation box is 
LxXLz = 1806x206 and lo ~ 7b. (a) $p = 0.1 and the average 
film thickness is ho ~ OMq. (b) t&p = 0.175 and the average 
film thickness ho ~ lo. The values of the color code vary be- 
tween and 1. The air is defined operationally in regions where 
the total polymer density is less than 0.05 and is represented by 
the dark blue (black) color. Only part of the calculation box is 
shown, and note the different scale of the x and z axes. 



"rectangular" -shaped lamellar BCP droplet as an initial 
condition, after convergence we obtain a BCP droplet 
residing on the substrate as shown in Fig. [1^. It is com- 
posed of coexisting perpendicular and parallel lamellae 
in registry with the patterned substrate. The free-energy 
density of this droplet is / = —0.0535. In contrast, when 
the initial condition is taken to be a flat BCP film above 
its ODT, a parallel lamellar phase is obtained with free 
energy density / = —0.0520, clearly larger than that of 
the droplet. The droplet shown in Fig. la is more sta- 
ble because the parallel domain height is larger than ho 
as it tries to accommodate an integer number of layers. 
Consequently, as the BCP volume is fixed, the height of 
these perpendicular domains should compensate that of 
the parallel ones. 

In certain cases the lamellar phase can be the more 
stable one (Fig. lb). Performing the same set of calcu- 
lations as above with an amount of BCP corresponding 
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FIG. 2. (color online). Contour plots of 0,4 in the lamellar BCP 
phase with fixed = 0.2, lo ~ 7b and ^Vxab = 26 (below 
ODT). (a) Two chemical surface stripes (black) have a width 
of Is = 20b with AuA = 0.6 and Aub = 0.4, while the rest 
of the surface (white) is neutral with Aua = Aub = 0.4. The 
inter-stripe region has a width of In ~ 40b. (b) Same film as 
in (a) but with a larger inter-stripe distance of In/b = 80. The 
size of the calculation box is Lx x L, — 1606 x 40b in (a) and 
Lx X = 2006 X 40b in (b). The color code and height of the 
plotted box are the same as in Fig. 1. 



FIG. 3. (color online). Lamellar BCP structures with fixed total 
BCP volume fraction $p = 0.12, lo ~ 7b and with TVxab = 26 
(below ODT). In (a) the polymer profile (j>P is shown. Two 
chemical stripes of width Is = 60b and ua = 0.4 and ub ~ 0.6 
are separated by a central stripe (black) of width Is — 60b and 
UA = 0.6 and ub = 0.4. For comparison, in (b) the A-block 
profile </)A is shown for a planar BCP film bound by two solid 
and flat surfaces at 2 = and z — 5b. The patterned substrate 
and all other parameters are the same as in (a). The size of the 
calculation box is Lx x = 180b x 40b in (a) and Lx x — 
180b X 5b in (b). The color code is the same as in Fig. 1. 



to one lamellar period, ho — Iq, we find that the lamellar 
phase has a free energy density / = —0.0998, and is more 
stable than that of the droplet with / = —0.0957. 

It is natural to generalize the results of Fig. 1 to more 
than one surface stripe. An undulating BCP/air inter- 
face in this case follows in registry the stripe structure 
of the surface. This is shown in Fig. 2, where the sub- 
strate has two chemical stripes. Because different surface 
regions induce parallel and perpendicular lamellae struc- 
tures, their coexistence yields an undulating BCP/air in- 
terface (Fig. 2b). Moreover, we find that the undulating 
free interface depends on the inter-stripe distance In- If 
In becomes small [131 j the BCP/air interface between the 
two stripes is almost flat (Fig. 2a). This means that the 
stripes cannot be too sparse (as desired in many applica- 
tions) if one wants to obtain a flat free interface. 

Further difference between the free interface and the 
flat (and rigid) interface can be seen in Fig. 3. The pat- 
terned surface is chosen with alternating stripes prefer- 



ring A and B layers inducing parallel lamellar domains. 
As can be seen in Fig. 3a, the overall polymer profile, 
(j)p{r) displays several terraces at the free interface. They 
are induced by defects in the film (not seen in Fig. 3a), 
which are themselves created because of the patterned 
substrate. The terraces are in registry with the substrate 
stripe boundaries and the jumps in the terrace height cor- 
respond to half of the lamellar periodicity. The situation 
is rather different in Fig. 3b where the top interface is 
forced to be planar. The film has the same total volume 
as in 3a, yielding a constant height ho = 56. However, 
differences in the A-block profile, ipA, as induced by the 
surface stripes preferring the A or B lamellae are clearly 
seen. 

We also considered the situation where BCP films are 
in contact with to pograp hic patterned substrates used 
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in graphoepitaxial 12l . Il3l . |25| and nanoimprint lithogra- 
phy [13, 15, 2^ 27 1 set-ups. The surface is modeled as 
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a sequence of grooves that have a shght preference to- 
ward one of the blocks (say, the A block). When the 
BCP volume exceeds the inner volume of the groove, we 
obtain a mixed state composed of parallel and perpendic- 
ular lamellar domains (Fig. 4a). One of our conclusions 
is that perfect perpendicular lamellae structure can be 
obtained when the BCP is bounded by a top flat solid 
surface, as can be seen in Fig. 4b. This suggests that 
pressing the film between the grooved mold and a second 
solid surface facilitates the formation of a perpendicular 
lamellar orientation and is superior to the free interface 
set-up, as in Fig. 4a. 
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FIG. 4. (color online). BCP lamellae structures for topo- 
graphical surfaces (grooves) with $p = 0.38, lo — Wb and 
iVxAB = 43.2 (a) Contour plot of the A-block, 0a. Aua = 0.12 
and Alls — 0.1 for the vertical and side walls, while Aua ~ 
Aub = 0.1 for the bottom of the groove, (b) The BCP is 
bound from above by a second solid surface, leading to a perfect 
perpendicular orientation. All other parameters are the same as 
in (a). The color code is the same as in Fig. 1. 



strate affinity, we can obtain BCP droplets containing 
mixed perpendicular and parallel lamellae. Wc also stud- 
ied the self-assembly of BCP thin films on topographic 
substrates. If the BCP amounts exceeds the groove in- 
ner volume, we obtain a mixed perpendicular and parallel 
lamellae structure instead of a perfect 2D perpendicular 
lamellae. Furthermore, we find that it is more efficient to 
confine a BCP film between a solid mold and a counter 
planar surface in order to obtain a perfect perpendicular 
lamellar structure. 

Our SCFT calculations show new and interesting 
phases of BCP thin films where the free interface displays 
height variations coupled with morphological changes 
as determined by the patterned substrate. Even small 
height variations allow the relaxation of the frustration 
due to the incompressibility of the BCP lamellae in con- 
trast to fixed boundary models, leading to BCP ordering 
that is very different in these two approaches. We finally 
note that the polymer-vapor interaction parameter is 
chosen as ly = 2.6, while the AB interfacial tension varies 
between xab = 1-3 (Figs. (DEI) and 0.8 (Fig. 15). This 
means that the magnitude of xab is not much smaller 
than v as is the case for typical BCP systems. For exam- 
ple, for PS (PMMA) used in Rcf. ^ the surface tension 
with the air is 31.2dyne/cm (31.4dyne/cm), while the 
PS-PMMA interfacial tension is about 1.5 dyne/cm (at 
the proper temperature range). Unfortunately, such an 
extreme tension ratio, xab ^ i^, is troublesome for the 
SCFT calculation, because much finer grids are required 
at larger v values. The same numerical difficulty has also 
been reported in Ref. [20| . 

Wc hope that in the future, more numerically-intensive 
calculations for free interfaces will shed additional light 
on the phase behavior of BCP thin films as influenced by 
their nano-patterning substrates and free interfaces. 
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In this Letter we addressed the combined effects of 
nano-patterned substrates and the polymer/air free inter- 
face on the self-assembly of BCP thin films. We treated 
air as a bad solvent and modified accordingly the SCFT 
in order to study the phase behavior of finite volume 
films. We obtained an undulating polymer/air interface 
when the films are casted on chemically patterned sub- 
strates. For a sequence of chemical stripes, we find that 
the undulations of the BCP/air interface depends on the 
inter-stripe spacing. In particular, by adjusting the sub- 
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